In order to assess the effect of extended curing times at elevated temperatures on saltstone containing Tank 48H waste, saltstone samples prepared as a part of a separate study 1 were analyzed for benzene using a modification of the United States Environmental Protection Agency (USEPA) method 1311 Toxicity Characteristic Leaching Procedure (TCLP). To carry out TCLP for volatile organic analytes (VOA), such as benzene, in the Savannah River National Laboratory (SRNL) shielded cells (SC), a modified TCLP Zero-Headspace Extractor (ZHE) was developed. The modified method was demonstrated to be acceptable in a side by side comparison with an EPA recommended ZHE using nonradioactive saltstone containing tetraphenylborate (TPB). TCLP results for all saltstone samples tested containing TPB (both simulant and actual Tank 48H waste) were below the regulatory limit for benzene (0.5 mg/L). In general, higher curing temperatures corresponded to higher concentrations of benzene in TCLP extract. The TCLP performed on the simulant samples cured under the most extreme conditions (3000 mg/L TPB in salt and cured at 95 °C for at least 144 days) resulted in benzene values that were greater than half the regulatory limit. Taking into account that benzene in TCLP extract was measured on the same order of magnitude as the regulatory limit, that these experimental conditions may not be representative of actual curing profiles found in the saltstone vault and that there is significant uncertainty associated with the precision of the method, it is recommended that to increase confidence in TCLP results for benzene, the maximum curing temperature of saltstone be less than 95 °C. At this time, no further benzene TCLP testing is warranted. Additional verification would be recommended, however, should future processing strategies result in significant changes to salt waste composition in saltstone as factors beyond the scope of this limited study may influence the decomposition of TPB in saltstone.
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EXECUTIVE SUMMARY
In order to assess the effect of extended curing times at elevated temperatures on saltstone containing Tank 48H waste, saltstone samples prepared as a part of a separate study 1 were analyzed for benzene using a modification of the United States Environmental Protection Agency (USEPA) method 1311 Toxicity Characteristic Leaching Procedure (TCLP). To carry out TCLP for volatile organic analytes (VOA), such as benzene, in the Savannah River National Laboratory (SRNL) shielded cells (SC), a modified TCLP Zero-Headspace Extractor (ZHE) was developed. The modified method was demonstrated to be acceptable in a side by side comparison with an EPA recommended ZHE using nonradioactive saltstone containing tetraphenylborate (TPB). TCLP results for all saltstone samples tested containing TPB (both simulant and actual Tank 48H waste) were below the regulatory limit for benzene (0.5 mg/L). In general, higher curing temperatures corresponded to higher concentrations of benzene in TCLP extract. The TCLP performed on the simulant samples cured under the most extreme conditions (3000 mg/L TPB in salt and cured at 95 °C for at least 144 days) resulted in benzene values that were greater than half the regulatory limit. Taking into account that benzene in TCLP extract was measured on the same order of magnitude as the regulatory limit, that these experimental conditions may not be representative of actual curing profiles found in the saltstone vault and that there is significant uncertainty associated with the precision of the method, it is recommended that to increase confidence in TCLP results for benzene, the maximum curing temperature of saltstone be less than 95 °C. At this time, no further benzene TCLP testing is warranted. Additional verification would be recommended, however, should future processing strategies result in significant changes to salt waste composition in saltstone as factors beyond the scope of this limited study may influence the decomposition of TPB in saltstone. 1 Cozzi Currently, the aggregation of Tank 48H waste for processing through the Saltstone Processing Facility (SPF) for placement in the SDF is being maintained as an alternative strategy for Tank 48H waste disposition. 4 This strategy resulted in a review of documentation for the production of benzene via the decomposition of potassium tetraphenylborate (KTPB) solids at elevated temperatures for an extended period of time. The effect of TPB and TPB decomposition products on saltstone has been addressed previously 5, 6 The current operating strategy for processing saltstone is projected to result in elevated temperatures in the saltstone vaults. 7 The saltstone is expected to be at these elevated temperatures for a period of months. An evaluation of prior saltstone vault temperatures confirmed that previous facility operation has not resulted in elevated temperatures for extended periods of time. 7 There is a concern that the saltstone prepared with Tank 48H waste that passed the TCLP after a 28 day curing period, 8, 9 may become a hazardous material for benzene at a later date due to extended times at these higher curing temperatures. Although the previous upper operating limit for the temperature of saltstone was 95 °C, 10 the current Technical Safety Requirements for the SDF limit activities in the SDF Vault 4 that would cause the temperature of the saltstone in Cells C, G, and I to exceed 55 °C. 11 The Savannah River National Laboratory (SRNL) was requested to verify that saltstone prepared with salt slurrys containing tetraphenylborate (TPB) remains nonhazardous (i.e., passes a TCLP for benzene) at extended curing times and over a range temperatures (55 to 95 °C). 12 SRNL evaluated both nonradioactive (prepared with simulated Tank 48H waste) and radioactive (prepared with actual Tank 48H waste) saltstone samples that were fabricated for an ongoing benzene generation study. 1 The benzene concentrations in the leachate from tests following the EPA TCLP Method 1311 protocol was the focus of this task. The release of toxic metals was not evaluated as a part of this task.
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* SCDHEC ISWLF Permit #025500-1603 † 40CFR 261.24 "Toxicity Characteristic"
APPROACH
Saltstone samples fabricated as part of the "Tetraphenylborate Decomposition in Saltstone," 1 task were subjected to a modified TCLP zero-headspace extractor (ZHE) leaching method for volatile organic analytes (VOA) to evaluate benzene release. According to the EPA TCLP method, analyte concentrations may also be determined by a total analysis method. Samples tested were prepared with either Tank 48H simulant or actual Tank 15 The customer also requested a 2 mg/L spike of palladium into the salt solution to represent a maximum level of potential TPB decomposition catalysts. 16 The radioactive saltstone samples were fabricated using a sample of Tank 48H received at the SRNL on March 8, 2005 17 and aggregated with the same DWPF Recycle simulant used for the simulant samples. Table 2 -1 is the matrix of samples that were evaluated in this study. 
2.1
The TCLP
The EPA TCLP method prescribes preparation, extraction, handling and subsequent analysis of a sample. Solid samples such as saltstone must pass through a 9.5 mm standard sieve or be crushed to meet the particle size requirements. Additional sizing requirements for analysis of samples containing volatile organic analytes (VOA) include limiting both the temperature rise during size reduction and the exposure of the fractured samples to air. The extraction step for VOA consists of placing the sample in a gas-tight vessel with the appropriate extraction fluid. ‡ Gentle pressure is applied to force all headspace from the vessel, and the vessel is sealed. The common equipment for extraction of VOA is the zero-headspace extractor (ZHE). After sealing the vessel, the sample is rotated at approximately 30 rpm for approximately 18 hours. To recover the resulting ‡ For VOA, TCLP extraction fluid #1, a buffered sodium acetate solution with a pH of 4.93 ± 0.05 TCLP extract, the vessel is fitted with a glass fiber filter and the extract in the vessel is expressed into an evacuated vessel (e.g. a Tedlar ® bag or a gas-tight syringe). The TCLP extract is stored at < 4 °C until analysis. VOA analysis is performed by SRNL-AD using a purge and trap Gas Chromatography/Mass Spectrometry (GC/MS) similar to the methods prescribed by the EPA. §
Materials
Extraction vessel
The special extraction vessel prescribed by the EPA TCLP method for VOA is a zero-headspace extraction vessel. The ZHE is used only for the analysis of VOA and allows for liquid/solid separation while precluding the contact of the sample and extraction fluid with headspace during agitation and extract collection, Figure 2 -1. The weight and complexity of the ZHE equipment, quantities of sample (25 grams), and subsequent wastes generated, dictated the need for an equivalent method to that specified by the EPA method for extraction of volatile organics. Saltstone samples prepared with simulated Tank 48H from Reference 1 were used to develop a method to perform TCLP testing in the SRNL shielded cells. It was demonstrated that a 50 mL gas-tight syringe meets both the materials of construction and performance requirements of the ZHE.
Figure 2-1 ZHE prescribed by TCLP method
Agitator
The agitation apparatus prescribed by the TCLP rotates the extraction vessel in an end-over-end fashion at 30 ± 2 rpm. The approved rotator was deemed too large and difficult to operate in the shielded cells. A rotator modified for shielded cells operations was demonstrated to be equivalent to an approved rotator in rotational velocity and providing the end-over-end agitation specified in § EPA Manual SW-846 Method 5030B "Purge and Trap for Aqueous Samples" and 8260B "Volatile Organic Compounds by Gas Chromatography/Mass Spectrometry (GC/MS)" 4 the TCLP method. Figure 2-2 shows the modified rotator in service in the SRNL shielded cells with six gas-tight syringes operating as ZHE's.
Figure 2-2 Rotator used for TCLP in SRNL shielded cells
ZHE extract collector
Gas-tight syringes are approved for collection the extract from the ZHE. For the TCLP tests performed on samples prepared with actual Tank 48H waste in the SRNL shielded cells, 25 mL gas-tight syringes were used to collect ZHE extract.
Extraction fluid
The extraction fluid prescribed by the TCLP for VOA (extraction fluid #1) is a sodium acetate buffered acidic solution. To prepare the extraction fluid, 5.7 mL of glacial acetic acid was added to 500 mL of Type 1 ASTM water. ** 64.3 mL of 1N NaOH was added and the solution was diluted to a volume of 1 liter. The pH of the resulting fluid was 4.97. † †
Sample Preparation
The saltstone samples used for this task had already been prepared for the flammable gas generation task. 1 The configuration of the samples allowed only for the loss of benzene through one end of the cylindrical sample as the bottom and the wall are encased in glass, as shown in Figure 2 -3. The single exit path for benzene introduced a potential concentration gradient in the samples. To mitigate the effect of a potential benzene concentration gradient in the samples, the saltstone was quartered as shown in Figure 2-4 . A jaw crusher was used to perform the size reduction to comply with the particle size requirements of the TCLP method. To evaluate the heating effect of the jaw crusher, side-by-side scoping tests were performed. Modified TCLP tests were conducted on quarters from the same sample that were either maintained at room temperature or cooled to liquid nitrogen temperatures prior to introduction into the jaw crusher. Results of the modified TCLP tests were in acceptable agreement (results for Sample S-8-H-a frozen in liquid nitrogen (13 •g/L) were actually lower than without freezing (15 •g/L). ** ASTM D 1193-06 Standard Specification for Reagent Water † † TCLP method specifies pH of extraction fluid #1 = 4.93 ± 0.05 indicating that no measurable losses of benzene were incurred during the crushing stage and therefore cooling of the sample prior to size reduction was not necessary. 
Extraction
After the saltstone was reduced to the appropriate size, the sample was weighed and placed in the ZHE. The mass of extraction fluid #1 added was 20x the mass of the sample. The vessel was closed, inverted, and any headspace was forced from the vessel prior to sealing. The vessel was placed on the rotator and rotated at 30 ± 2 rpm for 18 ± 2 h, see Figure 2 -2.
Collection
After removal from the rotator the ZHE is fitted with a glass fiber filter. The extract collector is fitted to the filter, and the filter is then saturated with extract from the ZHE. The extract from the ZHE is then filtered and collected with minimal headspace as shown in Figure 2 
Sample Analysis
Sample extracts were submitted to SRNL-AD for analysis along with extracts from blanks (TCLP's performed on saltstone prepared without TPB or benzene) and a matrix spike, a blank extract spiked with a VOA standard at 0.25 mg benzene/L extract.
GC/MS analysis was employed to identify organic compounds in the samples. Each sample was analyzed by purge and trap GC/MS. Analytical separations were carried out on a Hewlett Packard 6890 gas chromatograph, equipped with a 20 m DB-624 column with 0.18 mm diameter and 1.0 um film thickness. Quantitation was performed using a Hewlett Packard 5973 mass selective detector. The mass spectrometer tuning was confirmed within 24 hours prior to each measurement using perfluorotributylamine. 7
RESULTS
3.1
Nonradioactive TCLP Scoping Studies
Modified TCLP ZHE
Initially, several modified TCLP ZHE extractions and subsequent analyses were performed on a single sample of saltstone, S-8-H-a, to determine the reproducibility of the method and dependence of benzene analysis data on sample preparation steps. Variables which were evaluated included sample temperature during size-reduction in the jaw crusher. Samples frozen in liquid nitrogen yielded similar results to those size-reduced at ambient temperature. Therefore, subsequent size-reductions of the saltstone monoliths were carried out at ambient temperature. Other variations to the modified TCLP ZHE included the size of the filter housing and the extract collector (Tedlar ® Bags versus gas-tight syringes). These variations were made for ease of handling and did not represent significant deviations from the recommended specifications of the EPA method. The saltstone sample size used in the modified TCLP ZHE studies was 2 g for all samples tested, and TCLP extract #1 was added at the EPA prescribed ratio of 20x the mass of the sample. Neither the sample size nor the ratio of sample to extract was evaluated as a part of this study.
Results for TCLP analyses of saltstone monolith S-8-H-a using the modified ZHE, Sample S-8-H-a, and using the EPA recommended ZHE, Sample S-8-H-a-ZHE, are shown in Table 3 -1. The mean values for the modified versus recommended ZHE are within the precision of GC/MS measurement (±20 %) although the modified ZHE measurements are somewhat less precise (29 %RSD) than the EPA recommended ZHE (10 %RSD). This difference in precision may be due to the greater sample size (25 g) used in the EPA recommended ZHE studies. Several additional saltstone monoliths were analyzed using the modified TCLP ZHE method including samples demonstrating higher concentrations of benzene (313 ± 9.6 •g/L, for Sample S-9-H-b and 255 ± 7 •g/L, for Sample S-9-H-c) as well as lower concentrations of benzene (7.9 ± 1.9 •g/L, S-7-H-c).
The results for saltstone samples containing higher concentrations of benzene were more precise than those with lower concentrations. All results for the modified ZHE are comparable to the actual EPA ZHE method which reports a % RSD range of 17-144 with a mean % RSD of 75 for a multi-laboratory study including a variety of VOCs. 3 Therefore, the modified TCLP ZHE method was deemed an appropriate method for the determination of VOCs for use in the SRNL shielded cells.
Results for all nonradioactive saltstone samples analyzed in this study were found to be below the regulatory limit of 0.5 mg/L (500 •g/L). In general, higher benzene concentrations were measured in TCLP extracts from saltstone monoliths cured at higher temperatures. For the nonradioactive samples containing TPB, the highest benzene concentration measured in TCLP extract was 313 ±9.6 •g/L (S-9-H-b) corresponding to a concentration of 6.26 mg of benzene/Kg of saltstone. 
Blanks and Matrix spikes
A saltstone monolith prepared without TPB (Sample S-B-a-2) was evaluated and found to contain traces (1.7 •g/L) of benzene. The source of benzene in this "blank" saltstone sample is likely the fly ash in the saltstone formulation. Matrix spikes were prepared by spiking the TCLP extract from S-B-a-2 with benzene ( Table 3- 1) . For radioactive TCLP studies, a nonradioactive blank (S-B-a-2) and matrix spike (250 •g/L benzene in S-B-a-2 TCLP extract) were prepared and submitted concurrently for each set of modified TCLP samples prepared in the shielded cells. Blanks and spikes were prepared outside the shielded cells.
TCLP Studies with Radioactive Saltstone Containing Actual Tank 48H Waste
Results for saltstone samples containing Actual Tank 48H Waste are shown in Table 3 -2. Similar to the results for nonradioactive saltstone samples prepared with TPB, all results for TCLP extracts from radioactive saltstone samples prepared from Actual Tank 48H waste were below the regulatory limit of 0.5 mg/L (500 •g/L). The highest measured concentration of benzene in TCLP extract was 330 •g/L which corresponds to a concentration of 6.60 mg of benzene/Kg of saltstone. In general the radioactive saltstone samples follow the general trend of increasing benzene concentration in TCLP extract with increasing curing temperature. However, a direct comparison of nonradioactive and radioactive samples with similar TPB concentrations and curing temperatures is not obvious. For example, radioactive samples cured at 65 and 75 ºC had higher benzene concentrations than the corresponding nonradioactive samples cured at 75 and 85 ºC. On the other hand, radioactive samples cured at 95 ºC (200 ± 0 •g/L, R-9-H-c) were somewhat lower than the corresponding simulant samples (313 ± 9.6 •g/L, S-9-H-b and 255 ± 7 •g/L, S-9-H-c). These observations may be due in part to analytical error (±20 % GC-MS) but also due to inherent variability between the monoliths due to the distribution of TPB within the saltstone, temperature gradients in the curing oven, surface area effects, catalytic effects, and other effects beyond the scope of this study.
Based on the assumption that saltstone samples containing higher concentrations of TPB would be expected to have higher benzene concentrations, the focus of this study was saltstone samples prepared using 3000 mg/L TPB in Salt Slurry with the exception of a single sample prepared with 1000 mg/L TPB. A decision to analyze R-9-M-b was a result of higher benzene evolution rates measured for this sample. 1 R-9-M-b with 1000 mg/L TPB was found to have a higher concentration of benzene as analyzed by modified TCLP than R-9-H-c which was cured in a similar manner but prepared with a higher concentration of TPB. Likewise, the crushed sample R-6-2-b which exhibited higher benzene release rates 1 also demonstrated higher benzene concentrations than the corresponding monolith, R-6-6-b, as measured by modified TCLP than the corresponding monolith (R-6-6-b). 
CONCLUSIONS
Prior to deployment and testing with saltstone containing Tank 48H waste in the SRNL shielded cells, a modified TCLP with a ZHE was developed. The modified method was evaluated versus TCLP with an EPA recommended ZHE for the determination of benzene and verified to be an acceptable method.
TCLP results for benzene for all of the saltstone containing TPB analyzed in this study were below the regulatory limit of 0.5 mg/L (500 •g/L). These samples, ranging in benzene concentration in TCLP extract from 7.9 to 330 •g/L (including both saltstone prepared using simulant containing TPB as well as actual Tank 48H waste), represent a range of elevated saltstone curing temperatures (65 to 95 ºC) and extended curing times (81 to 161 days). In general, higher curing temperatures corresponded to higher concentrations of benzene in TCLP extract.
These simulated saltstone curing conditions likely do not accurately represent all aspects of the actual temperature profile experienced by saltstone in the vault. The model offered in the work that provided the saltstone samples for this study 1 linked the decomposition of TPB to both the curing temperature and the initial quantities of TPB in the saltstone. The TCLP performed on the simulant samples cured under the most extreme conditions (3000 mg/L TPB in salt and cured at 95 °C for at least 144 days) resulted in benzene values that were greater than half the regulatory limit. The combination of 1) saltstone sample curing profiles not representative of the actual vault, 2) TCLP results for benzene on the same order of magnitude as the regulatory limit, and 3) the multi-laboratory precision in the EPA method for benzene is 44-76% 3 (depending on the sample type) indicates that a TCLP performed on a process sample prepared with salt solution 3000 mg/L TPB and cured at 95 °C may exceed the regulatory limit for benzene. The data suggests that temperature has a greater effect than the TPB concentration on the TCLP results for benzene. Therefore it is recommended that to increase confidence in TCLP results for benzene, the maximum curing temperature of saltstone be less than 95 °C.
